In the past decade, systematics has been transformed from a data-poor field, in which researchers were limited to a small handful of target loci, to a data-rich field in which we now have the ability to choose among thousands of potential target loci. The opportunity for data selection is now evident due to the development of a diversity of methods for genome subsampling ([@B46]; [@B57]; [@B30]). Although whole genomes will become available for an increasing number of study systems as sequencing costs decrease, computational constraints will likely require researchers to select from the sequenced genomes the target loci best suited for their questions of interest. Therefore, a fundamental question that needs to be addressed is: What types of target loci are best suited for answering questions at different evolutionary scales? As realized when the field of molecular phylogenetics was still in its infancy ([@B29]), two important criteria to guide selection of the best targets are: 1) the target loci should have maximum phylogenetic signal (e.g., resulting in maximum gene tree resolution) and (2) the data associated with these target loci should contain a minimal amount of misleading signal (i.e., stochastic and systematic error). For population genomics studies, minimizing misleading signal (e.g., sequencing error and paralogy) is also an important criterion, although the preferred type of signal (e.g., diagnostic, random, genomically dispersed) can vary from study to study.

Since its first application to phylogenetics, hybrid enrichment (sequence capture) has provided researchers with the unprecedented ability to select target regions from hundreds to thousands of loci for answering questions in systematics and population genomics ([@B8]; [@B18]; [@B40]). The utility of this approach is so broad that hybrid enrichment has become one of the four primary means of data collection for genetic studies in evolutionary biology, along with RAD-seq (restriction enzyme associated DNA sequencing), transcriptome sequencing, and whole genome sequencing ([@B3]; [@B30]; [@B24]). Hybrid enrichment has been used to target anchored loci (AHE; [@B40]), ultraconserved elements (UCE; [@B18]), exons with function unknown ([@B65]; [@B8]) and known ([@B55],[@B56]), and shallow-scale anonymous loci ([@B55],[@B56]). Although not commonly employed for shallow-scale studies, hybrid enrichment could also be used to obtain data from rapidly evolving anonymous intergenic regions of the genome, corresponding to those currently obtained through RAD-based approaches (reviewed by [@B46]; [@B57]; [@B55],[@B56]).

In this study, we compare the utility of two general classes of hybrid enrichment targets: 1) deep-scale loci developed for broad application across many studies and (2) shallow-scale loci developed for specific studies. We define deep-scale loci as those developed using a *top-down* approach with an emphasis on homology across deep timescales (e.g., a phylum or class). Top-down approaches often utilize existing genomic resources from phylogenetically disparate model systems. Conducting marker development from a top-down approach allows identification of deep-scale loci that can immediately be applied to nonmodel species within the broader group, without the costly and time-consuming effort needed to identify suitable targets for a particular system. This type of locus is often comprised of coding regions or other conserved regions of the genome. Here, we utilized one type of top-down approach, AHE, initially developed by [@B40] to identify deep-scale loci in vertebrates. Subsequent work further refined for the target set for amphibians ([@B6]; [@B27]). AHE loci have since been developed for diverse branches of the Tree of Life and successfully applied across deep to shallow phylogenetic scales (e.g., [@B55],[@B56]; [@B10]; [@B51]; [@B23]; [@B84]).

We define shallow-scale loci as those developed using a *bottom-up* approach with an emphasis on efficient use in a shallow-level clade of interest (e.g., species). Bottom-up targets, typically developed using one or more closely related species, often contain more variable sites that provide greater resolution at shallow evolutionary scales ([@B33]). Shallow-scale loci are useful for obtaining large numbers of SNPs for population genetic studies. Here, we use low-coverage WGS reads to identify suitable loci, while acknowledging that other approaches may also be suitable for developing this type of marker in new systems (e.g., [@B1]).

One goal of this study is to evaluate the relative merits of deep- and shallow-scale loci for addressing questions across taxonomic levels that span evolutionary scales. The most useful loci will both maximize phylogenetic signal and minimize error. With respect to maximizing signal, we measure gene tree resolution, the number of nucleotide variants, and the number of diagnostic SNPs. In terms of minimizing error, we measure the degree of gene tree discordance, the amount of alignment error, the quantity of missing and ambiguous data, and the presence of gene duplicates. We address which set of target loci is most useful for shallower and deeper-scale evolutionary studies. We also study the consequences of utilizing only one SNP per locus, an approach that is often necessary to satisfy the common assumption that SNPs are unlinked.

A second goal of this study is to determine whether loci developed using different approaches can be captured simultaneously in the same hybrid enrichment reaction. Rationale for this approach, which we term *hierarchical hybrid enrichment*, stems from the practical reason that researchers would benefit from being able to collect data for different project goals, from phylogenetics to population genomics, through the same laboratory protocol. By carefully planning the locus sets included in the hybrid enrichment design, researchers could sample sets of loci appropriate for different questions, thereby enhancing the long-term utility of their data sets for diverse evolutionary studies. Furthermore, since often it is unknown in advance which loci will be most informative for a particular question, including loci with diverse sequence characteristics could ensure that the data can be subsampled to include loci with sufficient resolution power to resolve clades important for a diversity of studies.

A third goal of this study is to address longstanding questions regarding the evolutionary history of chorus frogs (*Pseudacris*), using the most suitable sets of loci for each question. The genus *Pseudacris* is a widespread North American frog group consisting of 18 species ([@B67]). Despite much early taxonomic confusion based on morphological diagnoses, molecular studies have identified cryptic species, located contact zones among species, and elucidated most relationships among members of the genus ([@B64]; [@B49],[@B47]; [@B41], [@B48]; [@B7]). Several key relationships remain unresolved, however, due to conflict among studies ([@B42],[@B47]; [@B7]; [@B14]). We aim to 1) resolve these difficult relationships, assess the robustness of each node to data inclusion/exclusion using a heat map-based approach developed here, and apply this approach for testing alternative phylogenetic hypotheses. Chorus frogs are a well-documented system for studying reinforcement in contact zones between species ([@B19]; [@B21]; [@B20]). In different areas of sympatry between two species, *Pseudacris feriarum* and *Pseudacris nigrita*, one or the other species has diverged with respect to male acoustic signals and female mating preferences, due to selection against hybridization ([@B43]; [@B45]). What remains unclear is how many phylogenetically independent invasions into sympatry have occurred across the geographic distributions of the two species. Here, we aim to 2) determine how many times a reinforcement contact zone has formed independently across the range of the two species and determine the direction of gene flow within the contact zone. Finally, within sympatric regions, there is evidence for extensive ongoing and historical hybridization between *P. feriarum* and *P. nigrita*, but confidence intervals on microsatellite-based estimates are broad ([@B44]), pointing to uncertainty in hybridization frequency estimates. By adding population genomic data from many loci, we aim to 3) improve the precision of hybridization estimates and identify the classes of hybrids being formed.

Materials and Methods {#SEC1}
=====================

Target Locus Data Generation and Assembly {#SEC1.1}
-----------------------------------------

### Locus selection and probe design. {#SEC1.1.1}

We identified two distinct types of target loci, deep scale and shallow scale. Deep-scale target loci were identified using the anchored hybrid enrichment approach initially developed by [@B40], and refined for use in vertebrates (e.g., [@B76]; [@B82]), arthropods (e.g., [@B85]; [@B13]), and plants (e.g., [@B63]; [@B83]). To ensure maximum enrichment efficiency in the target genus *Pseudacris*, we utilized the probes developed by [@B6], which were derived from two of our focal species, *P. feriarum* and *P. nigrita*. This AHE probe set targets 366 anchored loci averaging 1205 bp in length (details in [Supplementary Methods](10.5061/dryad.0sf2hm8) available on Dryad at [http://dx.doi.org/10.5061/dryad.0sf2hm8](10.5061/dryad.0sf2hm8)). Enrichment efficiency for these deep-scale loci was expected to be fairly robust across the entire genus ([@B40]).

Shallow-scale target loci were identified following the approach of [@B55],[@B56]. High-quality whole genome sequence reads of suitable length, GC content, and copy number were extended into flanking regions then compared across two species of *Pseudacris* to produce candidate target alignments (details in [Supplementary Methods](10.5061/dryad.0sf2hm8) available on Dryad). After inspection of these candidates in Geneious v.7 ([@B35]), we identified four criteria by which to select 1250 targets suitable for hybrid enrichment: 1) no poorly aligned regions, 2) no obvious paralogy, 3) minimal insertions/deletions, and 4) pairwise sequence similarity $\documentclass[12pt]{minimal}
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}{}$>$\end{document}$70%. The script used to evaluate the loci by these criteria, as well as the summary tables, are provided through Dryad. Note that the enrichment efficiency for these shallow-scale loci is not expected to be very robust outside of the clade containing the references *P. feriarum* and *P. nigrita*.

The preliminary deep- and shallow-scale alignments were evaluated in a final step to remove repetitive regions and overlapping loci following [@B25]. To prevent competition for binding to DNA targets, locus overlap was evaluated and avoided. Enrichment probes 120 bp in length were tiled across *P. feriarum* and *P. nigrita* sequences for the 366 deep-scale and 1250 shallow-scale loci. Tiling probes uniformly at a density of 3.6$\documentclass[12pt]{minimal}
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### Sample selection and data collection. {#SEC1.1.2}

A total of 227 chorus frog specimens representing 18 species were collected from 147 localities across the United States ([Supplementary Fig. S1](10.5061/dryad.0sf2hm8) and [Table S1](10.5061/dryad.0sf2hm8) available on Dryad). Appropriate state scientific collecting permits and ACUC protocol approvals were obtained prior to specimen collection. Tissues were frozen in liquid nitrogen or preserved in tissue buffer or 95% ethanol and stored at $\documentclass[12pt]{minimal}
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}{}$-$\end{document}$80°C. Voucher specimens were deposited into the Texas Natural History Collection or the University of Florida Museum of Natural History ([Supplementary Table S1](10.5061/dryad.0sf2hm8) available on Dryad). Genomic DNA was extracted from tissue samples using the OMEGA Bio-tek E.Z.N.A. Tissue DNA kit.

Samples were processed at the Center for Anchored Phylogenomics at Florida State University (www.anchoredphylogeny.com) following the methods described in [@B40] and the [Supplementary Methods](10.5061/dryad.0sf2hm8) available on Dryad. Sequencing was performed in the Translational Science Lab in the College of Medicine at Florida State University. After quality filtering and demultiplexing, paired reads were merged following [@B75], then assembled using the quasi-*de novo* assembly approach typically used for AHE data (described in [@B68] and [@B25]; [Supplementary Methods](10.5061/dryad.0sf2hm8) available on Dryad). The pipeline produced consensus sequences from which SNP, genotype, and haplotype data were obtained downstream (see below).

Locus Suitability Analysis {#SEC1.2}
--------------------------

### Taxon selection. {#SEC1.2.1}

One of the primary goals of this study is to evaluate the relative merits of deep- and shallow-scale loci for addressing questions across taxonomic levels that span evolutionary scales. To this end, three taxon sets were selected to evaluate the suitability of the deep- and shallow-scale locus sets at different taxonomic scales (six locus-suitability data sets total). The phylogenetic taxon set (PHY), included 46 taxa (42 *Pseudacris* and two each of *Hyla cinerea* and *Acris gryllus* for outgroups). Each of the 18 *Pseudacris* species was represented by at least two individuals selected from different parts of the species' range. For taxa that potentially included cryptic species based on mitochondrial DNA evidence, such as *P. feriarum* and the *Pseudacris regilla* complex ([@B42],[@B47]; [@B72],[@B73]), additional individuals were also sequenced. Samples were chosen from localities where interspecific gene flow was unlikely ([Supplementary Fig. S1](10.5061/dryad.0sf2hm8) and [Table S1](10.5061/dryad.0sf2hm8) available on Dryad; [@B42],[@B47]).

The phylogeographic taxon set (GEO) included 80 individuals sampled across the range of *P. feriarum* (79 from the focal species and one outgroup sample from the type locality of the sister species, *Pseudacris triseriata*). Of these, 38 were sampled from areas of sympatry with respect to *P. nigrita* and 41 were sampled from allopatry ([Supplementary Fig. S1c](10.5061/dryad.0sf2hm8) available on Dryad; [@B42],[@B47]; [@B43]). Samples were included from all river systems in the Coastal Plain of the southeastern U.S. in which *P. feriarum* is known to occur ([Supplementary Table S1](10.5061/dryad.0sf2hm8) available on Dryad).

The population genomics taxon set (POP) included 102 individuals from the hybrid zone between *P. feriarum* and *P. nigrita*, which was previously studied by [@B44] using 12 microsatellite loci. In the present study, these samples were genotyped again for the 1616 loci targeted by the *Pseudacris* v.1 kit. Individuals from the hybrid zone originated from the Apalachicola River floodplain in Liberty Co., Florida ([Supplementary Fig. S1d](10.5061/dryad.0sf2hm8) available on Dryad); allopatric references for *P. nigrita* were sampled from Walton, Dixie, Holmes, Brevard, and Jefferson Counties, FL, USA; and allopatric references for *P. feriarum* were taken from Macon County, AL, USA and Davie and Nash Counties, NC, USA ([Supplementary Fig. S1b,c](10.5061/dryad.0sf2hm8) and [Table S1](10.5061/dryad.0sf2hm8) available on Dryad).

### Alignment generation. {#SEC1.2.2}

Following [@B25], data sets were constructed from the PHY, GEO, and POP taxon sets in an identical manner as follows: 1) orthology among consensus sequences at each target locus was determined using pairwise sequence divergence, 2) orthologous sets with at least 50% taxon presence were retained, 3) orthologous sequences were aligned using MAFFT (v7.023b; [@B34]), 4) alignments were refined using an automated trimmer/masker, then manually inspected in Geneious to identify and mask misaligned regions that remained (see [Supplementary Methods](10.5061/dryad.0sf2hm8) available on Dryad). Lastly, we estimated a gene tree with 100 bootstrap replicates using the refined alignment for each locus in RAxML under the GTRGAMMA substitution model (version 8.1.21, [@B80], [@B81]).

### Locus suitability assessment. {#SEC1.2.3}

For each of the six locus suitability data sets, we evaluated nine metrics of signal and error. These metrics include: 1) gene tree resolution, 2) gene tree discordance, 3) number of variants, 4) number of diagnostic SNPs, 5) mapping efficiency, 6) alignment error, 7) amount of missing data, 8) quantity of ambiguous characters, and 9) copy number (details in [Supplementary Methods](10.5061/dryad.0sf2hm8) available on Dryad). At each taxonomic level, the value for each metric was compared between the shallow and deep data sets. The locus set producing the metric with the larger value was identified as being the more appropriate data set by that metric.

Phylogenetic Analyses {#SEC1.3}
---------------------

### Data set generation. {#SEC1.3.1}

Preliminary analyses indicated that levels of missing data were high in the shallow-scale loci at the phylogenetic scale ([Supplementary Fig. S2](10.5061/dryad.0sf2hm8) available on Dryad). This was especially true for outgroup and other taxa divergent from the focal species (*P. feriarum*); up to 70% of shallow-scale loci were missing at least one of the outgroup taxa. This pattern was not observed for the deep-scale loci ($\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$<$\end{document}$5% of loci were missing at least one outgroup taxon). Because nonrandom distributions of missing data have been shown to increase phylogenetic bias ([@B39]), we chose to include only the deep-scale loci in the final phylogenetic analyses. Beginning with the assemblies of deep-scale loci for individuals in the PHY taxon set, we phased diploid alleles following [@B69]. Sets of haplotype sequences were then constructed based on the orthology determined during the generation of the preliminary PHY data set (but requiring 80% of individuals to be present to avoid the potential effects of missing data; [@B39]). After aligning sequences for each locus using MAFFT v7.023b ([@B34]), alignments were automatically trimmed and masked following [@B25] then manually inspected in Geneious v.7 ([@B35]), to ensure that no misaligned regions remained (see [Supplementary Methods](10.5061/dryad.0sf2hm8) available on Dryad). At the end of the bioinformatics pipeline, 325 deep-scale loci were retained.

### Estimating phylogenetic history. {#SEC1.3.2}

The phylogeny of *Pseudacris* was estimated under both maximum likelihood (ML) and pseudocoalescent species tree approaches. The ML phylogeny was estimated with 100 bootstrap replicates in RAxML (version 8.1.21, [@B80], [@B81]) under default settings, assuming a GTRGAMMA substitution model partitioned by locus. Individual gene trees with 100 bootstrap replicates were also estimated in RAxML under the GTRGAMMA substitution model. Nodes with low support were resolved to maximize the likelihood of the data, rather than being collapsed. This allowed the possibility of weak support being utilized (combined) across loci in the species tree analyses. However, note that completely unsupported nodes are randomly resolved, which is expected to result in more conservative estimates of species trees support. These bootstrap trees were used to estimate coalescent species tree with ASTRAL II (version 4.9.7, [@B61]; [@B62]).

### Assessing phylogenetic data sensitivity. {#SEC1.3.3}

Previous work has shown that disagreement among phylogenetic studies can be driven by a small number of the total genes included in a data set ([@B77]). To assess the effect of data selection, phylogenies were re-estimated after subsampling sites using 12 site-specific rate criteria and loci using 12 outlier loci criteria (144 combinations; [Fig. 1](#F1){ref-type="fig"}; see [Supplementary Methods](10.5061/dryad.0sf2hm8) available on Dryad for details). The robustness of each clade recovered in the full-data phylogenies was summarized as a matrix of bootstrap support values corresponding to the trees derived from the 144 data subsampling combinations. Overall representation of support was represented as a matrix averaged across nodes. Finally, the matrices were represented as a heat map in which the color of each cell indicates the support value derived from a particular subsampled data set (example given in [Fig. 1c](#F1){ref-type="fig"}). We also computed both site and gene concordance factors using IQ-tree ([@B59], [@B60]; [@B32]); for each of these cells and represent the effect of data subsampling on these concordance factors using heat maps similar to those described above.

![The effect of site and locus filtering on overall phylogenetic support. Sites were ranked by rate, then subsampled in 12 nested strategies (a), with an increasing number of the most variable sites being excluded in each successive strategy. For each site-removal strategy, gene trees were estimated from the resulting subsampled alignments and compared in order to compute the Euclidian distance from each tree to the center of multidimensional tree distance space (b). Trees were subsampled in 12 nested strategies with an increasing number of the loci with the largest tree distance being excluded in each successive strategy. Phylogenetic trees were estimated using each of the 144 resulting subsampled data sets (12 site-filtered $\documentclass[12pt]{minimal}
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}{}$\times $\end{document}$ 12 locus-filtered) and the average support value (averaged across the tree) are shown as a heat map, in which black indicates very strong support and white indicates moderate support (bootstrap support values from concatenated RAxML analyses are shown here). Overall support remains strong, except when a large portion of the sites or loci are removed, suggesting that the quantity of data available for analysis is more than sufficient to resolve the majority of the clades in the tree.](syz074f1){#F1}

### Testing alternative phylogenetic hypotheses. {#SEC1.3.4}

To demonstrate the utility of the support matrices described above, alternative hypotheses concerning the unresolved relationships of two sets of species were tested. The first clade includes *P. feriarum*, *P. triseriata*, and *Pseudacris kalmi*, whereas the second clade includes *P. nigrita*, *Pseudacris fouquettei*, and *Pseudacris maculata*. For each clade, the support matrix was generated for all three possible species arrangements and the differences among the hypotheses were tested in a pairwise fashion using randomization tests. To compare two hypotheses, A and B, for example, a test statistic was computed as the difference between the support values under hypotheses A and B (averaged across the matrix representing the 144 analysis conditions). After the test statistic was computed, the support values were randomly shuffled across the two matrices being compared, while maintaining the matrix position. The difference between the average support value in each (randomized) matrix was then computed as a sample from the null distribution. The process was repeated until 10,000 samples from the null distribution were generated. The test statistic was compared to this distribution to produce a $\documentclass[12pt]{minimal}
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}{}$P$\end{document}$-value. This test provides a statistically rigorous way to test alternative phylogenetic hypotheses while accounting for uncertainty that may be due to the particular data set chosen, which can sometimes have large effect on estimated relationships ([@B77]).

Phylogeographic and Population Genomic Analyses {#SEC1.4}
-----------------------------------------------

### Data set generation. {#SEC1.4.1}

The locus suitability analyses indicated that both deep- and shallow-scale loci are appropriate at the phylogeographic and population genetic scales (e.g., both types of loci showed low levels of missing data) and thus both types of loci were utilized in the analyses. Three data sets were constructed to study different aspects of the history of *P. feriarum*. The first data set (FER-SEQ) consisted of an alignment of haplotype sequences of 80 *P. feriarum* individuals sampled across the species' range. The second data set (FER-SNP) consisted of SNPs sampled from the FER-SEQ data set after reducing the number of individuals to include just 55 individuals from ten populations representing the five river drainages along which *P. feriarum* forms a contact zone with *P. nigrita*. The third data set (HYB-SNP) consisted of 102 individuals from individuals found in one of these river drainages in which hybridization between *P. feriarum* and *P. nigrita* has been shown to occur. Details regarding the construction and composition of these three data sets are provided in the [Supplementary Methods](10.5061/dryad.0sf2hm8) available on Dryad.

### Estimating phylogeographic history. {#SEC1.4.2}

The history of *P. feriarum* was estimated using the final 556-locus, 80 sample FER-SEQ data set under both ML and coalescent species tree approaches. Prior to phylogeny estimation, the best fit substitution model was estimated for each gene and the best locus-partitioning scheme were estimated using IQ-TREE with the following flags enabled: -m MFP+MERGE -rcluster 10 ([@B32]). IQ-TREE was then used to estimate the ML phylogeny ([@B66]) and support values (based on 1000 ultrafast bootstrap replicates; [@B59]) under the best-fit model and partitioning scheme ([@B11]). Individual gene trees estimated by IQ-TREE under the optimal substitution model were then used to estimate a coalescent species tree and support values in ASTRAL II (version 4.9.7, [@B61]; [@B62]).

### Testing the number of invasions into sympatry using phylogeny constraints. {#SEC1.4.3}

Each of the five river drainages is represented by individuals forming a monophyletic clade in both the ML and species tree. Although this monophyly suggests that each river drainage was invaded (from a neighboring allopatric area) during separate historical events, it is possible that one or more of the river drainages was invaded by a neighboring river drainage (suggesting that the invasions were not independent). If serial invasion of river drainages were the case, we would expect individuals from those neighboring river drainages to form a monophyletic clade. In order to determine whether the data sufficiently reject this alternative hypothesis, we used approximately unbiased (AU) tests ([@B78]), in which we compare the likelihood under a model constraining all individuals from the two adjacent river systems to be in one monophyletic clade (representing the single invasion hypothesis) with the likelihood under an unconstrained model (representing the multiple invasion hypothesis). In this test, if the data are significantly less likely under the constrained model, we can reject the single-invasion hypothesis in favor of the multiple-invasion hypothesis. By performing tests on all adjacent pairs of river drainages, which introduces a coarse spatial component, we can rule out the more complex scenarios containing more than two adjacent river drainages (the two river drainage constraint is a subset of the three river drainage constraint). These scores were compared, and significance of the difference was evaluated via likelihood ratio tests after a sequential Bonferroni correction ([@B74]). AU tests were performed in IQ-TREE ([@B66]) using the "-au" option with 10,000 bootstrap replicates. Future studies containing more intense geographic sampling and more complex spatial components are underway.

### Testing the number of invasions into sympatry by estimating dispersal history. {#SEC1.4.4}

A single invasion of sympatry implies that an single ancestral *P. feriarum* population was founded by dispersal from allopatry to sympatry and that all sympatric individuals are derived from that ancestral population. This hypothesis can be tested by evaluating whether all ancestors of the sampled sympatric individuals existed in sympatry, or if one or more of these ancestors existed in allopatry. We performed this test using the continuous dispersal framework (PhyloMapper) developed by [@B41], which can be used to estimate the geographic locations of ancestors represented by internal nodes on a phylogeny describing the population history. Using the population history estimated for *P. feriarum* (described above) and the locations (GPS coordinates) corresponding to each of the populations at the tips of the phylogeny, we first estimated, in a ML framework, the locations of all of the populations represented by internal nodes on the phylogeny (hereafter referred to as the unconstrained analysis). To test the null hypothesis of one invasion (that all ancestors of the sympatric populations were located in sympatry), we repeated the analysis after imposing a constraint forcing each of the ancestral locations to be inside of the sympatry (the constrained analysis), as defined by the overlap of *P. feriarum* and *P. nigrita* in [Supplementary Figure S1c](10.5061/dryad.0sf2hm8) available on Dryad. To test for significance, we compared the likelihood scores resulting from the constrained and unconstrained analyses using a likelihood ratio test. The test was repeated in a similar fashion for each geographically adjacent pair of sympatric regions (river drainages).

### Assessing genetic structure and its distribution in geographic space. {#SEC1.4.5}

We sampled SNPs from the GEO taxon set (excluding the *P. triseriata* outgroup) to investigate the genetic structure within *P. feriarum* across its distribution range. We used the algorithm implemented in conStruct ([@B9]) to visualize continuous genetic structure. The method differs from traditional genetic clustering methods by accounting for the decay in genetic relatedness resulting from geographic distance. We pooled individuals originating from the same localities and estimated allele frequencies for each SNP. In QGIS v3.4 ([@B70]), we computed pairwise geographic distances among the localities using GRASS GIS' v.distance function ([@B22]). The allele frequency and geographic distance matrices were used as input for conStruct as implemented in R ([@B71]), running duplicates of two chains from $\documentclass[12pt]{minimal}
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### Testing alternative models of gene flow across a contact zone. {#SEC1.4.6}

We constructed population-migration models to test alternative hypotheses for the direction of intraspecific gene flow in *P. feriarum* along each of the five river drainages. These models were tested using the 55-sample FER-SNP data set described above. Since preliminary analyses of an overall model containing all five river drainages (10 populations) proved to be computationally intractable, we instead constructed four-population demographic component models consisting of two allopatric and two sympatric populations from geographically adjacent river drainages ([Supplementary Fig. S3](10.5061/dryad.0sf2hm8) available on Dryad). These models included: 1) two-way gene flow between allopatry and sympatry, 2) one-way gene flow from allopatry to sympatry, and 3) one-way gene flow from sympatry to allopatry. In all models, two-way gene flow was also assumed to occur between the adjacent allopatric populations. For each of these models, we estimated demographic parameters (migration rates and effective population sizes) using Fastsimcoal2 ([@B16]), using frequency spectra (SFS) generated by Arlequin v3.5 ([@B17]), with .input arp files prepared with PGDSpider v2.1.([@B52]). An unfolded SFS was used with a sequence from the sister taxon (*P. triseriata*) being used to determine ancestral states. Estimation of demographic parameters was conducted independently 100 times using different seeds during 40 optimization cycles ([@B16]), and estimation of likelihoods was obtained by using 10,000 iterations per cycle. The parameters estimated with the highest observed composite likelihood were used as priors to simulate 100 bootstrapped SFSs. To obtain confidence intervals for each parameter, bootstrapped SFSs were used to re-estimate parameters after initializing the Fastsimcoal2 algorithm from the values obtained in the initial highest composite likelihood ([@B16]). Selection of the most likely model was carried out by computing Akaike's weight of evidence in favor of the model replicate with the highest composite likelihood ([@B31]).

### Assessing the utility of deep- and shallow-scale loci. {#SEC1.4.7}

We evaluated the population-migration model parameter estimates from Fastsimcoal2 to answer three questions: 1) Which type of loci (deep- or shallow scale) produced the most precise estimates of population size and migration rate? (2) Does subsampling one SNP per locus affect the precision of parameter estimates? (3) Do different locus types (deep- or shallow scale) produce different estimates of population size and migration rate? To answer these three questions, we conducted pairwise randomization tests using parameter estimates from the four Fastsimcoal2 analyses involving the best supported model (one-way gene flow from allopatry to sympatry, see Results section). The precision of each estimate was measured as width of the confidence interval for that estimate, with smaller values indicating higher precision. Each test statistic was compared to 10,000 values drawn from a null distribution to test for significance (see [Supplementary Methods](10.5061/dryad.0sf2hm8) available on Dryad).

### Quantifying hybridization in a sympatric population. {#SEC1.4.8}

The distribution of hybrid indices in the Apalachicola River sympatric zone between *P. feriarum* and *P. nigrita* was estimated for 55 sympatric individuals (from the HYB-SNP data set described above using GenoDive v. 2.0b25 (Meirmans and Van Tienderen 2004). Allopatric *P. feriarum* ($\documentclass[12pt]{minimal}
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}{}$n$\end{document}$ = 22) were used as reference groups in the analysis ([Supplementary Table S1](10.5061/dryad.0sf2hm8) available on Dryad). Note that the SNP-HYB data set included SNPs from both deep- and shallow-scale loci. Three SNP data sets were analyzed: a subsampled data set of 12 diagnostic SNPs between species, a subsampled data set of only one randomly-selected SNP per locus (to increase independence among SNPs), and the full set of SNPs across these two classes of loci. Point estimates of hybrid index were compared directly via linear regression to the same individuals analyzed for 12 microsatellite loci from [@B50] and [@B44] using JMP Pro11 (SAS Institute, Inc.).

The range of hybrid classes within the contact zone was quantified with NewHybrids, using default parameters ([@B2]). Analyses were conducted on the 12-diagnostic loci data set above and on a data set of 100 randomly drawn diagnostic SNPs. Both the 12- and 100-loci data sets were replicated four times by randomly choosing diagnostic SNPs and analyzing these data sets in NewHybrids. Analyses were attempted on greater than 100 loci, but these runs failed to converge for the larger data sets.

Results {#SEC2}
=======

Target Locus Recovery {#SEC2.1}
---------------------

Hierarchical hybrid enrichment provided an efficient way to obtain sequence data for loci designed for both deep- and shallow-scale use. Owing in part to a sufficient sequencing effort (mean coverage = 250$\documentclass[12pt]{minimal}
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}{}$\times )$\end{document}$, we were able to recover a large portion of the target loci (mean = 87%, SD = 10%; [Supplementary Tables S1](10.5061/dryad.0sf2hm8)--[S4](10.5061/dryad.0sf2hm8) available on Dryad). The success of this approach decreased with evolutionary distance from the reference species, especially for the shallow-scale loci (e.g., only half as many loci were recovered for the outgroup individuals; [@B40]). Likewise, the enrichment efficiency was good in general (44.5% of reads mapped on target; SD = 14%), but substantially lower for outgroups (15--25%).

Locus Suitability {#SEC2.2}
-----------------

The type of target loci producing the greatest gene tree resolution varied by taxonomic level, following the expected pattern. Overall, deep-scale loci produced the best-resolved gene trees at the phylogenetic level, and shallow-scale loci produced the best-resolved gene trees at the phylogeographic and population genomic levels ([Table 1](#T1){ref-type="table"}; [Fig. 2](#F2){ref-type="fig"}; [Supplementary Table S5](10.5061/dryad.0sf2hm8) available on Dryad). Note, however, that the level of resolution, although substantial at the phylogenetic level ($\documentclass[12pt]{minimal}
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*Notes*: Details regarding how the metrics were computed, as well as values of the metrics, test statistics and $\documentclass[12pt]{minimal}
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}{}$P$\end{document}$-values are given in [Supplementary Methods](10.5061/dryad.0sf2hm8) and Tables available on Dryad. The preferred locus set for each criterion is listed in each cell with the ratio of improvement over the alternative locus type in parentheses. Note that for the gene tree resolution metric, the result assumes a bootstrap support threshold of 80%. [Figure 4](#F4){ref-type="fig"} provides results given other thresholds. Note that the general results were robust to level of trimming. Additional details are given in [Supplementary Tables S5](10.5061/dryad.0sf2hm8)--[S13](10.5061/dryad.0sf2hm8) available on Dryad.

The occurrence of nucleotide variants differed greatly across target type, but not as expected: the deep-scale loci contained 3.4--7.6 times more variants than the shallow-scale loci ([Table 1](#T1){ref-type="table"}; [Supplementary Table S7](10.5061/dryad.0sf2hm8) available on Dryad). The difference in average lengths of the trimmed alignments for the PHY taxon set (deep scale: 2491 bp; shallow scale: 446 bp; [Supplementary Table S2](10.5061/dryad.0sf2hm8) available on Dryad) may contribute to this pattern. Nonetheless, the shallow-scale loci contained 8.5 times more diagnostic SNPs for the POP taxon set, when sequencing effort was considered ([Table 1](#T1){ref-type="table"}; [Supplementary Table S8](10.5061/dryad.0sf2hm8) available on Dryad).

By multiple metrics, the deep-scale loci were consistently less prone to error than shallow-scale loci ([Table 1](#T1){ref-type="table"}, [Supplementary Tables S9](10.5061/dryad.0sf2hm8)--[S13](10.5061/dryad.0sf2hm8) available on Dryad). Of particular note is the high dropout level of the shallow-scale loci at the phylogenetic level; whereas usable alignments were obtained for 90% of deep-scale loci, useable alignments were obtained for only 42% of the shallow-scale loci ([Supplementary Table S2](10.5061/dryad.0sf2hm8) available on Dryad). Moreover, the remaining deep-scale loci were much more complete; only 5--7% of the characters in the deep-scale alignments were missing, while 25--33% of the characters in the shallow-scale loci were missing ([Supplementary Table S13](10.5061/dryad.0sf2hm8) available on Dryad). Finally, the deep-scale loci had substantially lower copy number than the shallow-scale loci; the average number of assembly clusters per locus was $\documentclass[12pt]{minimal}
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}{}$\sim $\end{document}$1.1 for the deep-scale loci compared to 4.3 to 5.2 for the shallow-scale loci ([Supplementary Table S10](10.5061/dryad.0sf2hm8) available on Dryad).

Phylogeny of the Genus Pseudacris {#SEC2.3}
---------------------------------

All nodes of the *Pseudacris* phylogeny were successfully resolved, with the exception of two within-species nodes. The final phylogenetic data set included 325 anchored loci for 46 taxa (92 alleles) and a total number of aligned base pairs = 493,889, after excluding loci with excessive missing data or possible paralogs. The tolerated missing data level was 5.6%. Very little topological discordance was found between the nuclear concatenated RAxML ([Supplementary Fig. S4](10.5061/dryad.0sf2hm8) available on Dryad) and ASTRAL trees ([Fig. 3](#F3){ref-type="fig"}). The only difference identified were the relationships among *P. regilla*, *Pseudacris hypochondriaca*, and *Pseudacris sierra*, which include nonmonophyletic taxa, suggesting that the splitting of this complex into three species based on mitochondrial data ([@B72],[@B73]) may have been premature. Our estimate of the rest of the *Pseudacris* phylogeny was consistent with one of the four trees presented in [@B7] that was derived from a 26-nuclear loci, single-allele \*BEAST (v. 2.0; [@B28]) analysis. The other three [@B7] trees resulting from concatenated RAxML, multiple-allele \*BEAST, and BUCKy analyses (v 1.4.0; [@B4]; [@B37]) conflicted with our results at one or more nodes.

![ASTRAL tree (a) and phylogeny with branch lengths (b, inset) of the genus *Pseudacris* showing phylogenetic sensitivity heat maps on nodes. Taxon numbers correspond to [Supplementary Table S1](10.5061/dryad.0sf2hm8) available on Dryad. On the heat maps, the color scale is the same as in [Figure 1](#F1){ref-type="fig"}. Numbers to the lower left of a heat map indicate the support value when all data were included in the analysis (corresponds to lower left pixel of heat map), if that value was less than 100. The two nodes on which further hypothesis testing was performed ([Fig. 4](#F4){ref-type="fig"}) are indicated by yellow circles around the heat map. The analogous concatenated maximum likelihood tree is presented in [Supplementary Figure S2](10.5061/dryad.0sf2hm8) available on Dryad.](syz074f3){#F3}

The nodal heat maps derived from the support matrices described above indicated that most nodes are insensitive to data inclusion or exclusion across a broad range of conditions ([Fig. 3](#F3){ref-type="fig"}). Although concordance factors varied substantially across nodes, the degree of data subsampling had comparatively little effect on concordance for a particular node ([Supplementary Fig. S5](10.5061/dryad.0sf2hm8) available on Dryad). Several key nodes that previously showed disagreement across studies varied in average bootstrap support depending on the quantity of loci and/or sites excluded (e.g., the *P. regilla*/*hypochondriaca*/*sierra* clade). Within the trilling frog clade, which includes *Pseudacris brimleyi*/*Pseudacris brachyphona* and its sister clade ([Fig. 3](#F3){ref-type="fig"}), two of these ambiguous nodes were tested for robustness to alternative resolutions of the clade through randomization tests ([Fig. 4](#F4){ref-type="fig"}; *P. triseriata*/*P. kalmi*/*P. feriarum* node and *P. nigrita*, *P. fouquettei*, *P. maculata* node). For both nodes, all alternative resolutions were strongly rejected ($\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$P < 0.0001$\end{document}$) in favor of the relationships presented in [Figure 3](#F3){ref-type="fig"}. We reserve resolution of the *P. regilla* complex for future work.

![Hypothesis testing framework for comparing heat maps. The heat maps of three alternative resolutions were compared for each of two different clades (a and b) through randomization tests. Previous studies supporting each alternative resolution are indicated as follows: "Barrow" is [@B7], "Lemmon" is Lemmon et al. (2007a,b), and "Duellman" is [@B14]. For both clades, the leftmost resolution was strongly favored ($\documentclass[12pt]{minimal}
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Phylogeography and Population Genomics of Pseudacris feriarum {#SEC2.4}
-------------------------------------------------------------

### Parallel invasions into sympatry. {#SEC2.4.1}

Strong evidence was found for *P. feriarum* shifting up to five times from allopatry into sympatry with *P. nigrita* by following along the floodplains of multiple river systems ([Fig. 5](#F5){ref-type="fig"}). The final phylogeographic data set included 556 loci from 80 individuals and a total number of base pairs = 683,138 (missing data = 4.1%). Both the concatenated ML and ASTRAL analyses indicated five geographically associated monophyletic clades in sympatry, corresponding to the five separate river systems bisecting the Coastal Plain of the southeastern U.S. ($\documentclass[12pt]{minimal}
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}{}$P < 0.001$\end{document}$; [Fig. 5c](#F5){ref-type="fig"};). Results of AU tests supported five separate invasions: when samples from pairs of neighboring river systems were constrained to form a monophyletic clade, tree scores were significantly worse ([Table 2](#T2){ref-type="table"}). Results from the spatially continuous estimates of ancestral locations (using PhyloMapper) rejected the null model of one invasion in favor of a model with at least two invasions ($\documentclass[12pt]{minimal}
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}{}$P < 0.001$\end{document}$; details provided in [Table 2](#T2){ref-type="table"}). Lastly, results from the analysis of genetic structure in geographic space (the conStruct analyses) show that the genomic composition of individuals varies substantially across the river five systems (see [Supplementary Fig. S6](10.5061/dryad.0sf2hm8) available on Dryad).

![Phylogeography of *P. feriarum*, showing the geographic extent of the sampling (a), the intraspecific nuclear tree (b), and estimated routes of dispersal across the range and into the five river systems (c). Independent invasions of *P. feriarum* from allopatry into sympatry with *P. nigrita* are indicated by different colors on the tree (sympatric samples are colored, allopatric samples are not). Colors of clades match sample colors on map and correspond to colors of the arrows (numbering matches transects in [Supplementary Fig. S3](10.5061/dryad.0sf2hm8) available on Dryad). Bootstrap support is shown by grayscale dots on nodes.](syz074f5){#F5}

###### 

Evaluation of multiple hypotheses of geographic expansion by *P. feriarum* into sympatry with *P. nigrita* along different river systems via the phylogenetic constraint test (AU) and the ancestral location test
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*Notes*: River systems are represented in [Figure 4](#F4){ref-type="fig"}. Maximum likelihood (lnL) scores of the best tree and different constraint trees (A--E) are shown in addition to the results from the two tests. Asterisks indicate significant tests.

### Gene flow into the contact zone. {#SEC2.4.2}

All four 4-population analyses consistently favored unidirectional gene flow from allopatry into sympatry over bidirectional gene flow based on Akaike's weights ([Supplementary Tables S14](10.5061/dryad.0sf2hm8)--[S17](10.5061/dryad.0sf2hm8) available on Dryad). The model assuming gene flow from sympatry to allopatry was deemed to be unsupported by the data after several attempts at analysis failed to converge after over 3400 CPU hours. Estimates of migration rates and effective populations sizes under the alternative models can be found in [Supplementary Tables S18](10.5061/dryad.0sf2hm8)--[S21](10.5061/dryad.0sf2hm8) available on Dryad.

### The utility of deep- and shallow-scale loci. {#SEC2.4.3}

In general, shallow-scale loci produced more precise estimates of both population sizes and migration rates than deep-scale loci ([Supplementary Figs. S7](10.5061/dryad.0sf2hm8)--[S10](10.5061/dryad.0sf2hm8) and [Table S22](10.5061/dryad.0sf2hm8) available on Dryad). This result was consistent between the full-SNP and one SNP per locus data sets. Reducing data sets to include only one SNP per locus did not significantly reduce precision of parameter estimates. Lastly, estimates of migration rates based on deep-scale loci were significantly higher than the analogous estimates based on shallow-scale loci (estimates of effective population size were not significantly different).

### Hybridization in a sympatric population. {#SEC2.4.4}

Hybrid index and hybrid class were estimated with high confidence, greatly exceeding previous microsatellite-based results. The final population genomic data set included 14,675 SNPs extracted from 564 shallow-scale and 281 deep-scale loci (845 total) for 102 taxa after removing loci showing evidence of recent duplication or $\documentclass[12pt]{minimal}
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}{}$>$\end{document}$20% missing data. The total number of aligned bases equaled 738,000, after excluding missing data (7.6%). A total of 2786 sites were diagnostic between *P. feriarum* and *P. nigrita* ([Supplementary Fig. S11](10.5061/dryad.0sf2hm8) and [Tables S23](10.5061/dryad.0sf2hm8)--[S25](10.5061/dryad.0sf2hm8) available on Dryad). For the three SNP data sets analyzed, the first included 12 randomly selected SNPs that were diagnostic between species (to compare to the 12-microsatellite data set), the second consisted of 768 randomly selected SNPs (one per locus---to study the effect of increasing independence among loci) from the 768 loci that included a variable site, and the third included all 14,765 SNPs extracted from the 845 deep- and shallow-scale loci ([Supplementary Table S15](10.5061/dryad.0sf2hm8) available on Dryad).

Precision of hybrid index was substantially improved through use of population genomic data for all three SNP data sets relative to estimates from 12 microsatellites ([@B44]). $\documentclass[12pt]{minimal}
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}{}$P < 0.001$\end{document}$ for all). Error estimates for hybrid indices decreased from the microsatellite ([Supplementary Fig. S12a](10.5061/dryad.0sf2hm8) available on Dryad) to the SNP 12-loci data sets ([Supplementary Fig. S12b](10.5061/dryad.0sf2hm8) available on Dryad) and most dramatically from the 12-loci to the 768 one SNP/locus ([Supplementary Fig. S12c](10.5061/dryad.0sf2hm8) available on Dryad) data set. This improved precision revealed two putative F1 or F2 hybrids and one putative backcross to *P. nigrita*. Analysis of the all SNP data set ([Supplementary Fig. S12d](10.5061/dryad.0sf2hm8) available on Dryad), which included 14,765 SNPs, provided similar values of hybrid index to the one SNP/locus data set ([Supplementary Fig. S12c](10.5061/dryad.0sf2hm8) available on Dryad), but with very high precision.

Consistent with hybrid index analyses, hybrid class analyses of the replicate 12-SNP and 100-SNP data sets identified the same three hybrid individuals. The placement of these hybrids varied across replicates in their identification as either an F2 hybrid or a F1 backcross to *P. nigrita* ([Supplementary Table S26](10.5061/dryad.0sf2hm8) available on Dryad). The placement of hybrids between these two classes varied less across the four 100-SNP replicates. Overall, most hybrid class analyses showed evidence of two F2 hybrids and one F1 *P. nigrita* backcross within the Apalachicola River hybrid zone ([Supplementary Table S17](10.5061/dryad.0sf2hm8) available on Dryad). These results are not directly comparable to the [@B44] microsatellite data set due to the prohibitively low power in the latter study's data set to estimate hybrid class.

Discussion {#SEC3}
==========

Our study demonstrates that deep- and shallow-scale genetic markers can be collected simultaneously and used to address questions at a variety of taxonomic scales. This approach alleviates some of the shortcomings of other data collection approaches. Methods such as RAD-seq are limited because missing data increases rapidly with increased taxonomic scale, whereas exon-capture and related approaches are limited because they often target conserved regions containing insufficient variation at shallow taxonomic scales. Hybrid enrichment allows researchers to collect markers derived from both top-down and bottom-up approaches and therefore circumvent these shortcomings by producing a more flexible data set. By subsampling different loci from this data set, we resolve a genus-level phylogeny of chorus frogs, uncover evidence for the independent and repeated formation of contact zones with one-way migration into sympatry, and estimate precisely the hybridization frequency in one sympatric population.

Locus Suitability {#SEC3.1}
=================

Top-down approaches can generate loci with substantial sequence variation at all but the shallowest taxonomic levels. Efficient collection of data from these targets relies on the presence of either UCE, the development of a probe set that represents diverse sequences (AHE), or the development of targets that span a modest time scale (exon-capture). Nonetheless, these loci can be screened for copy number and levels of variation, thus allowing high-quality data with minimal misleading signal to be collected efficiently. One additional advantage of this approach is that the data can be used more easily in future studies.

Bottom-up approaches can generate loci with substantial sequence variation at the shallowest taxonomic levels but are limited in their application to deeper levels. Even though the potential for error is elevated relative to loci obtained from top-down approaches, we found that of the target sets we tested, shallow-scale loci are the most cost-effective set for obtaining diagnostic SNPs. An advantage of this approach is that a larger number of loci can be targeted.

Data selection can significantly influence estimates of population genetic parameters. In our population models of a contact zone, estimates of both population size and migration rate were more precise when derived from loci developed specifically for shallow-scale use (i.e., using a bottom-up approach). It is unclear whether properties of the loci or the number of loci from these two sets were responsible for the difference ($\documentclass[12pt]{minimal}
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}{}$\sim $\end{document}$2 times more shallow-scale loci were utilized). The accuracy of estimates derived from these two locus types may also be different: migration rate estimates based on the deep-scale markers were significantly inflated relative to estimates based on shallow-scale markers. Since the true migration rates are unknown, it is unclear which locus set produced more accurate estimates. Surprisingly, precision in the estimates was not significantly reduced when SNPs were subsampled to one per locus to improve marker independence.

RAD-seq Versus Hybrid Enrichment for Data Collection {#SEC3.2}
====================================================

RAD-seq and hybrid enrichment offer different approaches to data collection, each with some notable advantages ([@B38]; [@B26]; [@B54]). RAD-seq and related methods can be an efficient way to collect large numbers of loci across large numbers of individuals. One reason for the efficiency of this approach is the fact that sequence reads are aligned with respect to genomic position, reducing the coverage and effort required during the read assembly process. The method can also be applied without comparing genomic resources across deeper taxonomic scales. Hybrid enrichment, on the other hand, tends to lead to more complete alignments at deeper taxonomic scales where RAD-based approaches may suffer from allelic dropout ([@B5]). The reason hybrid enrichment is more robust in this respect is that long (120 bp) probes used in hybrid enrichment can enrich regions containing up to 30% mismatches to the probe sequence. RAD-type approaches, conversely, require exact matches (of short kmers) for restriction enzymes to make the cuts consistently across individuals. A second advantage of hybrid enrichment is its flexibility with respect to the composition of target loci; probes can be designed to target well behaved anonymous loci (e.g., diagnostic and/or low copy), and/or specific functional loci ([@B55],[@B56]). We should note here that although we identified target regions from low-coverage whole genome data, the regions could also be identified from assembled genomes. The latter approach may be preferred because a more careful analysis of copy number may be possible using an assembled genome. One promising approach is to identify target regions from initial RAD-sequencing, then to use hybrid enrichment to recover those target regions across deeper time scales with less missing data ([@B1]).

Phylogenetic Resolution of the Genus Pseudacris {#SEC3.3}
===============================================

Despite genomic discordance at some nodes, we uncovered the first fully resolved phylogeny of *Pseudacris*. The nodal heat maps we present indicate that 90% of estimated relationships are not sensitive to the particular subset of the data that was analyzed, as long as at least 150 loci were used. For example, strong support for the placement of *Pseudacris clarkii* internal to the *P. brachyphona*/*P. brimleyi* clade but sister to the other trilling chorus frogs was found under a broad range of conditions (numbers of loci and sites; [Figs. 1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"}). This result indicates that the ancestral acoustic signal in the trilling frog clade was characterized by a fast pulse rate (*P. brimleyi*, *P. brachyphona*, and *P. clarkii*), which gave rise to the slow (*P. nigrita* and *P. fouquettei*) and intermediate (all other trilling frogs) pulse rate calls found in the remainder of the clade ([Fig. 3](#F3){ref-type="fig"}; [@B42]; [@B42],[@B47]). Although some workers have advocated the recognition of three species within the *P. regilla* complex ([@B72],[@B73]), the paraphyly we found among these putative taxa suggests that more work is needed to determine whether *P. regilla* includes multiple species.

The heat map approach we developed represents a robust means of testing alternative phylogenetic hypotheses. The primary advantage of this test is that it accommodates variation due to data subsampling strategies. For one of the two clades for which alternative hypotheses were tested, resolution of *P. kalmi--P. triseriata* as the sister clade of *P. feriarum* differed from mitochondrial-based results ([@B42], [Fig. 4b](#F4){ref-type="fig"}). Consistent with [@B7], the results here instead strongly support the biogeographic expansion hypothesis proposed by [@B79] concerning the origin of *P. kalmi*. Alternative resolutions of these three species were strongly rejected through the heat map-based tests ($\documentclass[12pt]{minimal}
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}{}$P < 0.0001$\end{document}$; [Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). In the second clade, resolution of *P. fouquettei*--*P. nigrita* as the sister clade of *P. maculata* also differed from mitochondrial-based results ([@B64]; [@B42],[@B47]; [Fig. 4a](#F4){ref-type="fig"}). In accord with one analysis of [@B7]; only their 26-gene nuclear data set), our results clarify the position of *P. maculata*, which was previously obscured in mitochondrial data sets due to hybridization with *P. clarkii* ([@B64]; [@B42],[@B47]). Alternative relationships of these taxa were strongly rejected through the heat map-based tests ($\documentclass[12pt]{minimal}
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}{}$P < 0.0001$\end{document}$; [Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}).

The resolved phylogeny of *Pseudacris* indicates that this genus should remain a single, stable taxon. Using previously published data, [@B14] suggested splitting the monophyletic genus *Pseudacris* into two genera with the sole justification that the two clades were geographically separated into a western (*P. regilla* complex) and an eastern (all other *Pseudacris*) clade. We reject this taxonomic change because: 1) our results indicate that *Pseudacris* remains a monophyletic clade, which is sister to the genus *Acris*, within the family Hylidae and 2) we contend that geographic separation is an insufficient criterion for splitting long-recognized monophyletic clades and leads to unnecessary taxonomic instability. For these reasons, we reject the splitting of *Pseudacris* into two genera and maintain the longstanding usage of this genus name.

Replicated Reinforcement in Independent Contact Zones {#SEC3.4}
-----------------------------------------------------

We have demonstrated that *P. feriarum* has invaded five different river systems through two to five different historical events ([Fig. 5](#F5){ref-type="fig"}). Although this pattern is consistent with previous studies based on mitochondrial data ([@B42],[@B47]; [@B41]), our study is the first to demonstrate statistical support for multiple independent invasions into sympatry. An important implication is that populations from each river system represent independent contact zones where reinforcement appears to be driving the evolution of premating reproductive isolation ([@B43]; [@B45]; [@B53]; [@B44]). In the most well-studied of these contact zones (Apalachicola River, FL), both natural and sexual selection against hybrids contributed to a 44% fitness cost to hybridization ([@B45]). This cost has led to the evolution of strong female preferences in sympatry for conspecific and local male signals. Furthermore, evolution of the female preference has promoted a significant increase in the pulse rate and pulse number within male acoustic signals, causing these acoustic signals to diverge from *P. nigrita*. Male acoustic data from two other replicate contact zones have been studied to date (Edisto/Santee R., SC and James/Anna R., VA) and also show a strong pattern character displacement in one or the other of the two species ([@B43]). Our study indicates that by utilizing the power of genome-wide locus sampling in phylogeographic studies, the number and location of independent contact zones can be uncovered, enabling researchers to exploit the power of phylogenetically replicated systems at the intraspecific level.

We found that gene flow of *P. feriarum* in each river system is unidirectional from allopatry to sympatry with *P. nigrita* ([Supplementary Figs. 3](10.5061/dryad.0sf2hm8) and [5](10.5061/dryad.0sf2hm8) and [Tables S18](10.5061/dryad.0sf2hm8)--[S25](10.5061/dryad.0sf2hm8) available on Dryad). This result matches the theoretical expectation that gene flow is expected to occur from the center to the edges of a species range, due to reduced habitat suitability at the edges ([@B36]). Evidence for gene flow into sympatry is also concordant with our finding that each river system was independently invaded by *P. feriarum* during the formation of the contact zone. Despite the homogenizing effect of allopatric alleles moving into sympatry, natural and sexual selection against hybridization with *P. nigrita* is strong enough to counteract the effects of gene flow, since male signals and female preferences of *P. feriarum* show strong divergence across the different sympatric areas ([@B43]; [@B45]). Future work with increased sampling could confirm this pattern using spatial clinal analyses (e.g., [@B12]; [@B15]).

We find that hybrid index and hybrid class can be estimated more efficiently and precisely with SNP-based data compared to microsatellites. In contrast with the laborious effort required to develop a handful of microsatellites that amplify across species, the relative ease with which SNPs can be obtained through hybrid enrichment or other methods (e.g., RAD-seq, [@B3]), indicates that SNP-based data are the more desirable option. Our results demonstrate that the previous microsatellite-based estimates of hybrid frequency by [@B44] were incorrect, showing poor correspondence of hybrid index and lower precision. [@B44] estimated that only three of 55 individuals sampled showed no evidence of introgression between species, whereas our results based on the same number of diagnostic SNPs indicate that 50 of 54 are not hybrids, revealing that microsatellite-based estimates of hybrid index are likely to be both inaccurate and imprecise ([Supplementary Fig. S12](10.5061/dryad.0sf2hm8) available on Dryad). The greatest improvement in precision was obtained by increasing the number of diagnostic SNPs from 12 to 768 (one SNP/locus). Although increasing to all 14,765 SNPs reduced error in hybrid index estimates for putative hybrids even further, the precision of the estimates are artificially low, due to nonindependence of SNPs within each locus.

Summary {#SEC3.5}
-------

We developed a hierarchical hybrid enrichment approach to target two discrete sets of genomic loci designed to simultaneously address questions spanning different evolutionary scales. Overall, the deep-scale loci were less prone to error and better suited to answering phylogenetic questions. The shallow-scale loci, however, produced a greater number of SNPs and more precise parameter estimates for population genetic analyses. At the phylogenetic level, we resolved with high confidence the remaining contested nodes across the genus *Pseudacris* and tested alternative resolutions of particular nodes using a novel heat map-based approach developed for this study. At the phylogeographic and population genomic levels, we determined that *P. feriarum* has formed up to five naturally replicated, independent reinforcement contact zones with *P. nigrita* along different Coastal Plain river systems of the southeastern U.S. with ongoing gene flow into the contact zone. Moreover, we obtained precise estimates of hybrid index in one of these five contact zones, thus significantly revising published estimates of hybridization frequency and hybrid indices in this region. Our results demonstrate how careful consideration of hybrid enrichment design can provide an invaluable resource for answering a broad array of biological questions across temporal and taxonomic scales.
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